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Some highlights of this work can be given such as:  

- Martensite-ferrite microstructure enhance tribocorrosion resistance by hard phase reinforcement. 

- The applied potential plays a role on the contribution of the corrosion wear. 

- The total wear increases even if the surface repassivation is faster at higher potential. Therefore, 

wear is mainly driven by the mechanical wear. 

- Subsurface stain hardening increase with the repassivation kinetic increase in the dual phase 

microstructure. 

- Dynamic recrystallization is affected by the material microstructure and mainly occurs in the softer 

phase  
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Abstract 

The study addresses the tribocorrosion behavior of a ferritic stainless steel and a ferrite-martensite 

stainless steel under two passive potentials. The dual phase microstructure was produced by a specific 

heat treatment applied to the ferritic stainless steel. Since both materials have the same chemical 

composition, their tribocorrosion resistances are discussed in terms of microstructure benefit. This 

benefit concerns the determination of the wear rate, as well as the identification of the wear 

mechanism from surface and sub-surface observations. In parallel, current transients recorded during 

sliding are analyzed to quantify the kinetics of repassivation and evaluate the impact of the rebuilding 

of oxide film on wear.  

The results show that the hardness of the material is the main parameter that controls wear for the 

sliding conditions selected in this work. In a second order of magnitude, the nature of the oxide layer 

plays a role in the damage mechanism. Finally, if the oxide growth rate is affected by both the applied 

potential and the microstructure, it mainly affects the subsurface microstructure of the wear track with 

a thickening of the grain refined layer, as the repassivation is faster.  
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1- Introduction 

Tribocorrosion experiments are usually designed to characterize the wear resistance of materials when 

superficial mechanical loading (tribology) and superficial electrochemical reactions act 

simultaneously. Among all mechanical properties considered in dry wear resistance studies [1], [2], 

the hardness is usually considered as a key descriptor, as reported in other works [3]–[7]. The 

empirical law proposed by Archard links the volume loss of matter during an unlubricated wear test to 

the hardness of the softest contacting surfaces and the normal load [7], [8]. Therefore, hardness is the 

major input parameter in the modeling of tribological behavior in wear resistance material design, 

especially as long as no cracks initiate and propagate under the wear track [9], [10], [5]. In this 

context, metallic alloys such as ferritic stainless steels are preferred for developing load transport rails 

and conveyers used in aggressive media or automotive mechanical parts, cooking tools, etc. [11], [12]. 

Their metallurgical features also allow them to achieve composite microstructures, such as dual-phase 

(ferrite-martensite) or duplex (ferrite-austenite) microstructures. The combination of two phases then 

enhances both the hardness and toughness of the material, increasing the opportunity to use them [13]. 

For dual phase microstructures, it has been proven that the wear rate decreases as the martensite 

content increases (e.g., the hard phase) in the ferrite matrix. However, this beneficial effect is expected 

until the distribution of the ferrite prevents the percolation of the martensite [10], [14], [15]. For 

Aksoy et al. [14] and Saghafian and Kheirandish [16], the maximum wear resistance increase is 

reached for a martensite content between 17 to 35 % in the ferrite matrix.  

To better resist corrosive environments, dual phase stainless steels have been produced by steel 

makers. However, these materials, as all passive materials, are more sensitive to tribocorrosion. 

Indeed, the passive film or the oxide layer can act as a wear accelerant [17]. Their wear resistances 

also depend on the environmental conditions, defined by the chemical and mechanical loads. Jemmely 

et al. [18] demonstrated that the wear rate of a ferritic stainless steel is higher in acidic solutions 

compared to neutral or basic solutions because of the nature of the oxide film and the higher reactivity 

of the surface. Instead of varying pH, potentiostatic tests can be used in tribocorrosion experiments 

[9]. For pH variation, potentiostatic measurements can modify the material reactivity in terms of film 
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thickness, chemistry, etc., affecting the wear resistance at the end [19]. The effect of the mechanical 

load must also be taken into account on the oxide film because it creates debris at the point of contact, 

and it generates additional defects underneath the surface [20]. On the one hand, debris is either 

comprised of abrasive particles that increase the wear while they are in contact with the two pieces or 

acted as solid lubricant particles as a function of their morphologies and hardnesses [21]. On the other 

hand, the mechanical load generates defects such as dislocations in the subsurface [22]. A portion is 

annihilated due to the surface dissolution [23], while another portion is blocked by the passive film 

formation which provides a strain accumulation underneath the wear track [24], [25], [26]. 

Consequently, the stacking fault energy under plastic deformation favors dynamic recrystallization 

and/or grain rotation in the nearby surface and changes the subsurface mechanical properties of the 

material [1], [27], [28]. 

While addressing material optimization for tribocorrosion issues, both chemical composition and 

microstructure modifications need be evaluated separately. However, wear improvement usually 

requires their adjustments at the same time [29], [30]. In some applications, such as the food industry 

or orthopedic applications, some chemical elements, such as nickel, are avoided for toxicity reasons, 

even if they are beneficial for the wear resistance. An alternative solution consists of performing a 

specific heat treatment to improve the hardness and toughness of a single-phase material by promoting 

a dual phase microstructure, as is done on ferritic stainless steels. In this work, this solution was 

chosen to improve the wear resistance of a commercial 17 % Cr ferrite stainless (AISI 430F) into a 

ferrite-martensite stainless steel (AISI430-FM). Taking the advantage that the chemical composition 

of the materials is shared, the role of the microstructure on the depassivation/repassivation kinetics can 

be evaluated and linked to the wear behavior of the two materials.  

A corundum counterpart was chosen because of its higher wear and chemistry resistances compared to 

the stainless steel in order to only be focused on the reactivity of the substrate. This paper presents a 

comparison of the tribocorrosion behavior of a mono-phase and a dual phase stainless steels with a 

similar chemical composition. Wear tests are performed in the passive domain for two potentials 

defined at the beginning and at the minimum of the current density of the passive plateau. The wear 
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resistances of the two materials are tested against an inert counterpart in order to focus on the 

stainless-steel reactivity. These latter are also described in term of wear volumes and contribution of 

the mechanical and corrosion wear. In addition, the passivation kinetic of the wear tracks are 

quantified in order to discuss its effect on the sub-surface microstructure evolution and to conclude 

about the effect of the microstructure on the tribochemical wear resistance.  

 

2- Materials and experimental procedure 

2.1. Heat treatments and tribocorrosion samples 

To obtain a dual phase microstructure, ferrite stainless steel (AISI430-F) was first heated to 1000°C 

for 1 min to reach the ferrite–austenite domain and then cooled down by rapid air quenching to fix the 

ferrite-martensite microstructure (AISI430-FM). Consequently, both ferrite and ferrite-martensite 

stainless steels present the same chemical composition: 0.03 wt% C, 16.10 wt% Cr, 0.20 wt% Ni, 0.49 

wt% Si, and a balance of Fe.  

Disc samples of 50 mm diameter and 3 mm thickness were prepared from cold rolled sheets. Surfaces 

were ground with SiC emery paper up to grade 2400 and then polished with several diamond pastes 

down to 1 µm. After the final polishing step, the samples were cleaned in an ethanol ultrasonic bath 

for 1 min, then dried with pulsed dry air and finally stored for 24 h in a desiccator for native oxide film 

aging. In addition, to get a flat surface for corrosion and tribocorrosion testing, surface preparation 

removed approximately 1 mm of matter, meaning that the work hardening layer generated by the cold 

rolling of the sheet was suppressed (Figure 1a). Cross-section observations on AISI430-FM confirm 

that not only the surface but also the volume of the material were transformed after heat treatment 

(Figure 1b). 
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Figure 1. FE-SEM cross section observations of a) as received AISI430-F and b) AISI 430FM after 
chemical etching.  

 

Before tribocorrosion, microstructural observations were made after two different electrochemical 

etchings; this consisted of an applied potential of 1 V (vs a steel cathode) for 45 s in a solution at 60 wt% 

HNO3 for AISI430-F, whereas the AISI43-FM microstructure was revealed by soaking in 40 wt% 

NaOH for 1 min at 2 V vs a steel cathode.   

 

2.2 Surface hardness characterization 

Microhardness measurements were collected on polished surfaces using a Buehler MicroMet 5104 

under a load of 9.8 N, maintained for 20 s. Average values were calculated from 10 indentations on 

each sample. These measurements were completed in nanoindentation tests using a G200 nanoindenter 

(Agilent Technologies). A Berkovich indenter with a 65° angle of curvature was controlled in 

displacement to 1 µm under the polished surface. The hardness calculation was based on the Oliver 

and Pharr method, using the continuous stiffness measurement (CSM) technique [31]. Only indents 

located in the ferrite and/or martensite phases were considered for calculating the average hardness 

values (20 measurements each time). This procedure was selected in order to reduce the effects of 

grain boundaries, carbides, etc., on the measurement and to obtain more accurate results relative to 

each phase hardness.  
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2.3. Tribocorrosion parameters and wear characterization 

Tribocorrosion tests were performed using a reciprocating-motion tribometer (Falex Tribology N. V., 

Belgium) [30]. The experiments were duplicated at least three times. A corundum alumina pin with a 

curvature radius of 25 mm and diameter of 6 mm was selected as a counter body (Young’s modulus 

and Poisson’s ratio of 380 GPa and 0.25, respectively). As indicated in the introduction, this 

configuration was selected to strike only the wear of the stainless steels and to compare the 

microstructure effect. Sliding occurred for a maximum of 1000 cycles with a stroke length of 10 mm 

and under a nominal applied load of 10 N (i.e., total sliding distance of 20 m). A trapezoidal pin 

motion was applied with an acceleration of 500 mm.s-² and a maximum velocity of 60 mm.s-1. The 

forward and backward latency periods were set at 5.7 s: 0.7 s induced by the change in direction of the 

pin and 5 s selected by the operator. This selection was made from preliminary experiments where the 

latency periods comprised between 1 s to 10 s were tested. In this work, the transient analysis is based 

on the exponential law proposed by Keddam et al. [32] which estimates the time constants of the 

nucleation and growth of the oxide layer. Therefore, it is necessary to have a complete record of the 

fall transient in order to determine precisely the time constants of the initiation and the growth of the 

oxide film. For the latency periods lower than 2 seconds, only the kinetic of the oxide film nucleation 

can be determined. For the latency periods higher than 2 seconds, the two times constants can be 

precisely defined, however the latency periods of 5 s do not increase the precision of the calculation. 

Therefore, this time allows clear observation of the current transient fall during the surface 

repassivation, as shown in Figure 9. The friction coefficients were evaluated based on the normal and 

tangential loads determined in the linear regime of sliding (calculation for cycles up to 150). The 

contact features of the ball-on-plane configuration were calculated based on Hertz assumptions for the 

two materials. Table 1 shows almost the same behavior for the two microstructures in terms of Hertz 

contact pressure and shear stresses. After the tribocorrosion tests, the pin curvature was controlled and 

only a change in 2 % was detected. In acidic solution, this corresponds to a limited wear of the 

corundum whereas in neutral and mostly in basic solution it corresponds to a material transfer from the 
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metal to pin. However, the wear on the pin can be considered as negligible in a first approximation 

regarding the wear measured on the AISI430-F and the AISI430-FM. 

 

Table 1. Material properties and results of calculations based on Hertz assumptions. 

Material 
Young 

Modulus 
(GPa) 

Poisson 
Coefficient 

Hertz contact 
stress 

 
(MPa) 

Shear Stress 

(MPa) 

Shear stress 
position 

(µm) 
AISI430-F 211 0.3 405 130 52 

AISI430-FM 190 0.3 390 125 52 
 

After tribocorrosion tests, wear volumes were determined from the methodology of Qu et al. [33], 

based on cross-sectional line measurements by ex situ contact profilometry (Somicronic, Surfascan 

2D). Worn surfaces were examined using a field-emission scanning electron microscope (FE-SEM, 

Supra 55VP, Zeiss) in order to identify the wear mechanism. Microstructural analyses were completed 

by focused ion beam cross-section observations (FIB, NVision 40, Zeiss) to assess the subsurface 

modifications induced by the interaction between sliding and oxide film reformation [26].  

Regarding the corundum pins, their curvatures after sliding were compared to their initial curvature. 

The results showed a slight increase of the curvature radius, mainly at higher potentials. Since no 

aluminum peak was detected on the wear tracks (by SEM-EDX analysis), this change was not 

attributed to the pin wear but to a metallic matter transfer from the stainless steel to the pin (EDS 

measurement detected iron, chromium and oxygen on the pin surface) that fills the pin roughness and 

helps in the formation of an adhesive compacted layer.  

 

2.4 Electrochemical setup and parameters 

Electrochemical experiments were performed using a three-electrode tribo-cell connected to a REF600 

potentiostat (Gamry). The working electrodes were composed of stainless steel discs (10.2 cm² surface 

exposed to the electrolyte). A 16.0 cm² graphite disc was selected as the counter electrode and was 
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mounted above the working electrode (1 cm) to ensure uniform current line distribution during the 

experiments [34]. All potentials were applied versus a mercury sulphate electrode (EMSE = +0.65 

V/SHE). An aerated solution of 0.02 M H2SO4 (pH 1.4) was selected to avoid pitting corrosion. The 

experiments were performed at room temperature and in a stagnant solution. 

Before each electrochemical measurement, a cathodic pretreatment was applied at -1.050 V/MSE for 

30 min in order to significantly increase the measurement reproducibility [35] [1]. The passivation 

ability of the two stainless steels were determined from polarization curves recorded from -1.100 to 

+0.300 V/MSE at a scan rate of 0.5 mV/s. Electrochemical impedance spectroscopy measurements 

(EIS) were performed at different applied anodic potentials to qualitatively compare the passive film 

resistance. Selected potentials were applied for 1 hour after the surface pretreatment in order to reach 

current stability. The impedance diagrams were obtained over a frequency range of 10 kHz to 0.1 Hz 

with an amplitude of 5 mVrms and 10 points per decade. Polarization curves and EIS measurements 

were not recorded during tribocorrosion tests, since the sliding frequency is not compatible with the 

acquisition frequency of EIS and the polarization scan rate [36]. Tribocorrosion tests were carried out 

at two different anodic potentials: -0.71 V/MSE and -0.05 V/MSE. Their selections are discussed in 

the results section. During sliding, current fluctuations were recorded at a frequency of 200 Hz.   

 

3. Results and discussions 

3.1 Microstructures and hardness descriptions 

AISI430-F exhibits a globular microstructure with grain sizes in the range of 10 µm to 100 µm (Figure 

2a). Micrographs also show chromium carbides heterogeneously distributed in the material. No signs 

of a chromium-depleted area surrounding the chromium carbides or at grain boundaries were detected 

by the Strauss test (ASTM A763-Practice 2). After the heat treatment, a dual phase microstructure was 

obtained with a ferrite matrix (grain sizes in the same range as AISI430-F) and martensite islands 

homogenously dispersed in the volume (Figure 2b). An image analysis (ImageJ software on Figure 2b) 

gives a martensite fraction of 25-30 %. Figure 2c shows that the solubilization of chromium carbides 
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during thermal treatment is partial, as some particles remain in the ferrite matrix. One consequence of 

the heat treatment was the generation of a balance difference of chromium between the two phases. 

Thus, Cr/Fe ratio is at approximately 21 at.% in ferrite and 20 at.% in martensite.  

 

 

Figure 2. Optical observations after electrochemical etching of a) AISI430-F and b) AISI430-FM 
microstructures. c) SEM surface observation on AISI430-FM after chemical etching; white particles 
are chromium carbides (SEM-EDS). 

 

In tribology, the wear rate is usually expressed by Archard’s law, which is a function of the normal 

load and the hardness of the softer material in the contact. Since the normal load is fixed for all 

experiments, only the hardness of AISI430-F and AISI430-FM have to be evaluated. Microscopic 

hardness tests were thus performed on polished surfaces before the tribocorrosion experiments. An 

average value of 1.5 GPa was found for AISI430-F, whereas the hardness increased to 2.2 GPa for 

AISI430-FM. From nanohardness tests (Figure 3), the ferrite matrix in the dual phase exhibits a 

c) 
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hardness approximately 1 GPa higher than in AISI430-F. Thus, the enhancement detected for 

AISI430-FM stems from the greater hardness of the martensite and its reinforcement effect on the 

ferrite matrix [37]. In addition to the hardness, the corrosion behavior of the materials has to be 

considered since the passive film play a role in the wear resistance of the material [17]. 
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Figure 3. Hardness variation with the indentation penetration depth in ferrite (AISI430-F) and ferrite 
or martensite (AISI430FM) on polished surfaces before tribocorrosion. Scale bars are also reported on 
each curve; scale bars on ferrite (AISI430-F) are not visible at this scale but correspond to ± 0.02 GPa.  

 

3.2. Corrosion behavior of two materials and potentials selection for tribocorrosion 

Corrosion behaviors are described from polarization curves and impedance spectroscopy 

measurements recorded after a cathodic pretreatment at -1.05 V/MSE for 30 minutes. Figure 4a shows 

the potentiodynamic curves plotted from the cathodic to anodic domain for both stainless steels. In the 

cathodic domain (potentials lower than -0.95 V/MSE), currents are limited by charge transfer reactions 

such as the proton reduction usually encountered in acidic solutions. In the anodic region (potentials 

above -0.92 V/MSE), an active-passive peak is observed between -0.95 V/MSE and -0.73 V/MSE and 

linked to the metal dissolution (Cr2+ and Fe2+) [38]. Since pH is higher than the depassivation pH, 
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materials passivate once a passive plateau (1 to 10 µA/cm²) is reached at higher potentials. Note that 

the current density is slightly higher for the dual phase microstructure, suggesting that the passive film 

requires more dissolution to remain at the steady state. In the case of the dual phase microstructure, the 

chromium distribution between the martensite and the ferrite generate a difference in term of film 

stability, such as a local galvanic coupling which acts negatively on the passivation. Therefore, more 

energy is required to keep the material at the passive steady state. On the passive plateau, the current 

density decreases from -0.71 V/MSE to -0.05 V/MSE for both materials, which indicates a 

reinforcement of the passive properties of the oxide layer with the potential. When impedance 

spectroscopy measurements are conducted at these two boundary potentials, Nyquist diagrams show 

an expansion of the pseudo-capacitive loops with the anodic potential (Figure 4b). From a qualitative 

viewpoint, this indicates a corrosion resistance enhancement with the maturation and thickening of the 

passive film at higher anodic potentials [19]. As previously observed on polarization curves, the 

pseudo-capacitive loop of AISI430-FM is lower than that of AISI430-F at a given potential. Usually, 

this corrosion resistance is ascribed to the effect of an alloying element. Since the chemical 

composition of the two materials are identical, it is attributed to the concentration difference of 

chromium in the ferrite and the martensite phases. Indeed, Jang et al. [39] demonstrated that even if a 

ferrite-martensite stainless steel tends to passivate, a galvanic coupling is established between the 

ferrite (cathodic site) and the martensite (anodic site). As a consequence of the galvanic coupling, the 

passive currents increase on polarization curves and the pseudo-capacitive loops decrease for 

AISI430-FM compared to AISI430-F. 

As mentioned before, the chemical composition and the thickness of the oxide layer evolve with the 

applied potential in the passive domain. For Haupt and Strehblow [38] and Tanaka et al. [40], the 

metallurgy of the passive film changes from a Cr2O3 oxide layer at low anodic potentials to a compact 

Fe2O3/Cr2O3 layer at higher anodic potentials. When the applied potential reaches the transpassive 

region, the gradual increase of the current density is attributed to the field-assisted dissolution of 

Fe2O3. To compare the tribocorrosion behavior of the two materials, two potentials were selected in the 

passive domain. Note that similar potentials were chosen since the polarization curves for both 
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materials follow the same trend (Figure 4a). The first potential is fixed to -0.71 V/MSE in order to 

promote a surface repassivation by low stable Cr2O3 film, and the second is set at -0.05 V/MSE, where 

a compact Fe2O3/Cr2O3 layer exists on the surface. 
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Figure 4. Electrochemical behavior of two stainless steels in an acidic solution described by a) 
polarization curves (scan rate of 0.5 mV/s) and b) electrochemical impedance measurements (Nyquist 
diagrams) recorded at -0.71 V/MSE and -0.05 V/MSE. 

 

 

3.3. AISI430-F and AISI430-FM tribocorrosion behaviors 
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Tribocorrosion tests were performed at -0.71 V/MSE and -0.05 V/MSE under reciprocation in a 

solution with pH = 1.4. Currents flowing to the wear tracks are recorded according to a classical three 

electrode cell, and their variations are plotted in Figure 5b and Figure 5c. Irrespective of the applied 

potential, sliding activates the surface reactivity, which leads to large current fluctuations consisting of 

a finite sum of transients, as described later.  

Figure 5a reports the wear rate as a function of the applied potential for the two stainless steels. The 

wear rates are in the range of 1.5 x10-4 mm3.N-1.m-1to 2.0 x10-4 mm3.N-1.m-1, with higher values for 

AISI430-F regardless of the potential. Even if the corrosion resistance of the dual phase is slightly 

lower than that of AISI430-F, the wear resistance remains controlled by the material hardness, which 

is positively affected by the martensite islands in the ferrite matrix for AISI430-FM [15]. Figure 5a 

also shows a slight increase of wear with the applied potential for both materials. This rise in wear is 

in line with the detrimental effects of a thicker and mature oxide layer, as often reported in the 

literature [41]. For a reciprocating motion with a significant latency period, the corrosion wear cannot 

be estimated from the average current recorded during the sliding because of their large fluctuations 

(Figure 5b and Figure 5c). Therefore, each transient of current has to be divided into two periods of 

time. The first one refers to the sharp increase of the current during the sliding whereas the second one 

refers to the decrease of the current induced by the repassivation of the surface. The current increase 

versus time corresponds to the electrical charge involved in the corrosion wear. This latter is 

calculated for each transient with the faraday’s law where the equivalent molar weight of the metal is 

equal to 55.2 g/mol and the number of electrons exchanged is equal to 2.17 when only chromium and 

iron cations are considered [18]. In the literature, the mechanical wear is often estimated from sliding 

tests performed in the cathodic domain. It is worth noticing that either the contribution of the anodic 

reaction close to the OCP or the contribution of hydrogen charging for cathodic potential affect the 

mechanical wear determination [42], [43]. Therefore, the total wear volume is the sum of the 

mechanical wear and the corrosion wear where the synergistic terms of the wear accelerated corrosion 

and the corrosion accelerated wear are included in the corrosion wear and mechanical wear, 

respectively. Table 2 shows for each microstructure, the total wear volume as well as the corrosion 
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wear volume and the mechanical wear volume. Regardless the microstructure, the corrosion wear 

depends on the applied potential: higher the potential, stronger the corrosion wear will be. The 

mechanical wear decreases with the applied potential emphasizing the contribution of the corrosion 

damage at higher potential. Therefore, the chromium balance between the ferrite and the martensite in 

the dual phase material has no effect during the depassivation rate and the depassivation is not 

controlled by the microstructure. It can be noticed that the contribution of the mechanical wear in the 

total wear is slightly higher in the case of the AISI430-FM even if the wear resistance is improved by 

the dual phase microstructure. Irrespective of the microstructure and the potential, the mechanical 

wear is the dominant mechanism of degradation is in this work. 

Table 2. Total wear volumes, mechanical wear volumes and corrosion wear volumes on AISI430-F 
and AISI430-FM after sliding at -0.71 V/MSE and -0.05 V/MSE.  

Sample 
Potential 

(V/MSE) 

Total wear 

(.10-3 mm3) 

Mechanical wear 

(.10-3 mm3) 

Corrosion wear 

(.10-3 mm3) 

AISI430-F 
-0.71 

-0.05 

36 ±3 

38 ±3 

33.7 

29.2  

2.3 ±0.5 

8.8 ±0.5 

AISI430-FM 
-0.71 

-0.05 

32 ±3 

34 ±2 

29.7 

25.2 

2.3 ±0.5 

8.8 ±0.5  

 

Figure 5a reports the average friction coefficient determined in the linear regime of wear for each test. 

No significant effect can be observed between the two microstructures and the two applied potentials. 

This can be attributed to the 10 N load applied during the sliding that not allowed to characterize a 

change in the surface condition.  

At the beginning of sliding, sharp contacts promote a strong current increase as shown in Figure 5b 

and Figure 5c. At -0.71 V/MSE, the maximum current reaches approximately 5 x10-4 A and is near 1.5 

x10-3 A at -0.05 V/MSE. Therefore, a higher overpotential enhances the surface dissolution in absence 

of a passive film (e.g., sliding period). Note that the current varies linearly with time after 1800 s and 

7200 s at -0.71 V/MSE (Figure 5b) and -0.05 V/MSE (Figure 5c), respectively. This is due to the 

evolution of the wear tracks surface and the surface reactivity that depends on electrochemical and 

metallurgical parameters. At -0.71 V/MSE, the corrosion wear corresponds to 6% and 7% of the total 
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wear for the AISI430-F and AISI430-FM, respectively. At -0.05 V/MSE, the contribution of the 

corrosion wear in the total wear increases up to 23 % for AISI430-F and 26% for AISI430-FM. At the 

lowest potential (i.e., -0.71 V/MSE) the contribution of the corrosion wear is weak compared to the 

mechanical wear. Therefore, the evolution of the current with the time of sliding mainly depends on 

the mechanical wear and the hardness of the material (higher resistance for AISI430-FM). At -0.05 

V/MSE, the contribution of the corrosion wear becomes less negligible, the wear resistance of the 

material is then controlled by its mechanical property, its microstructures and the passive film. On the 

one hand, a higher potential promotes a stronger passive film, enhances the contribution of the 

corrosion wear and increases the wear. On the other hand, the dual phase microstructure increases the 

hardness of the material and limits the wear. 
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Figure 5. a) Tribocorrosion results expressed in terms of wear rate (filled symbols) and coefficient of 
friction (COF, open symbols) reported as a function of the applied potential for AISI430-F and 
AISI430-FM. Typical polarization curves in the anodic range are also reported. Current variations 
during tribocorrosion at b) -0.71 V/MSE and c) -0.05 V/MSE for both materials.  

 

3.4. Worn surfaces observations 

After tribocorrosion tests, worn surfaces were observed by SEM-EDS to identify the wear mechanism. 

On micrographs shown in Figure 6, grooves parallel to the sliding direction suggest an abrasive wear 

regardless of the material and potential. This is more pronounced for ASI430-F at -0.71 V/MSE 

(Figure 6a). For AISI430-FM (Figure 6b), microstructural decohesion is randomly detected as flakes 

in the same order of magnitude of the martensite islands. For sliding tests at -0.05 V/MSE, surfaces are 

more plastically deformed. Figure 6c and Figure 6d show an adhesive wear with surface plowing due 

to the oxide layer deformation for ASI430-F and AISI430-FM, respectively [38].  

c) 
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Figure 6. SEM images of worn surfaces after 1000 cycles of sliding at -0.71 V/MSE for a) AISI430 
and b) AISI 430-FM and at -0.05 V/MSE for c) AISI430 and d) AISI 430-FM. 
 

3.5. FIB-SEM cross-sections observations of the wear tracks 

Cross-section observations perpendicular to the direction of sliding were obtained to evaluate the 

microstructural damage underneath the wear track. Note that the damages reported below are the 

consequence of the sum of unitary interactions between the surface reactivity and the mechanical load.  

At -0.71 V/MSE, Figure 7a shows a grain refined layer homogenously distributed in the plane 

direction to a 2-3 µm depth for ASI430-F. At higher magnification, FIB-SEM images show a well-

defined subsurface microstructure with nanometric grains ending at the edges of the etched layer 

(Figure 7b). Since abrasive wear was defined in Figure 6, these grooves come from the pin indent in 

the stainless steel but also from the grains’ dissolution that takes place during surface dissolution 

influenced by the crystallographic orientations [44]. At -0.05 V/MSE, the grain refined layer depth 

increases until reaching 4 µm to 6 µm (Figure 7c). Here, grains are no longer parallel to the sample 

surface and exhibit preferential orientations related to the presence of defects on the worn surface. 
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Since the mechanical properties of the sliding are kept constant, the grain refined layer thickens under 

the influence of the passive film. Figure 7d shows that oxides or third bodies embed in grooves at -

0.05 V/MSE, reducing the waviness of the surface. At higher magnification, they present a flake 

structure that favors surface plowing (Figure 7) and easily transfer to the pin surface. An adhesive 

surface is then formed, which consequently increases the friction coefficient as already mentioned at 

Figure 5a. Note that chromium carbides might also be incorporated into the third layer; however, none 

have been detected in the oxide layer or at the surface irrespective of the potential. These cross-

sectional analyses also show that no cracks generate and propagate into the material volume. 

 

Figure 7. FIB-SEM analysis on ASI430F at -0.71 V/MSE a) large scale observation and b) detail 
underneath the surface. c) Grain refined microstructure at -0.05 V/MSE and d) detail of the oxide layer 
embedding. White dash lines highlight the TTL, including the tribolayer and the deformed region. 
Images taken in the perpendicular direction of sliding 

 

AISI430-FM presents the same trend that AISI430-F. Thus, a dynamic recrystallization takes place in 

the first micrometers underneath the surface at -0.71 V/MSE (Figure 8a). However, grain refinement is 

located only in the ferrite. Some highly deformed zones are also observed in martensite, but they 

coincide with surface defects such as those observed in Figure 6b. Because of the martensite 

reinforcement, ferrite refined grains present a preferential orientation in the perpendicular plane of the 
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worn surface. Moreover, the refined microstructure is less well-defined than that of AISI430-F 

because of constraint induced by the martensite islands that limits the deformation direction and 

increases stress in the ferrite. At -0.05 V/MSE, the grain refinement layer thickens until reaching 6 µm 

to 8 µm, which is slightly higher than for AISI430-F (Figure 8c), with still a dynamic recrystallization 

in the ferrite. Oxide debris are also imbedded into the surface roughness. Since the lamellar structures, 

they detach from the worn surface. Since no material transfer is observed on the counter parts, the 

increase of wear is attributed to the enhancement of the corrosive wear as shown before and a change 

in the passive film composition and thickness.  In comparison to AISI430-F, not only the passive film 

but also martensite islands interact with the pin during sliding. The latter offer hard points during the 

pin motion, which could reduce the adhesive contribution of the oxide layer [45]. However, these 

changes in the surface conditions cannot be detected by the COF since the normal load selected in this 

work is too high. 

For AISI430-FM, no cracks propagate into the material volume, confirming the beneficial effect of 

percolated martensite islands in the ferrite.   
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Figure 8. FIB-SEM analysis on ASI430FM at -0.71 V/MSE a) large scale observation and b) detail 
underneath the surface. c) Grain refined microstructure at 0.05 V/MSE and d) detail of the oxide layer 
embedding. Images taken in the perpendicular direction of sliding 

3.6. Repassivation kinetics quantification 

Figure 9a and Figure 9b display representative current transient rises in the linear regime of wear for 

AISI430-F and AISI430-FM, respectively. The absence of differences in terms of maximum current 

reached indicate that the two materials behave in similar manners because of their shared chemical 

composition. Therefore, the strongest effect observed in Figure 9a and Figure 9b comes from the 

applied potential, as has been already described at Figure 5.  

Figure 9c and Figure 9d present falling current transients recorded during the latency period in the 

linear regime of wear of AISI430-F and AISI430-FM, respectively. If it is easily noticed that the 

transient becomes steeper at higher anodic potential and this increases the curve slope, it is more 

difficult to distinguish the influence of the microstructure on the repassivation rate. To achieve that, 

experimental curves have to be fitted by models that provide quantitative information on the 

repassivation kinetics.  
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Figure 9. Current transients rise during sliding on a) AISI430-F and b) AISI430-FM. Current fall 
during the idle periods for c) AISI430-F and d) AISI430-FM.  
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In the literature, Jemmely et al. [18] and Olsson and Stemp [46] proposed numerical models to 

simulate the overall current transients during tribocorrosion. These are based on the High Field model 

and the Interface Field model, respectively. For the High Field model [47], [48], the thickening 

mechanism is controlled by cationic emission at the metal/film interface, whereas the limiting step in 

the Interface Field model is supposed to be the formation of O2- by water splitting at the film/solution 

interface [49]. Among other descriptors, the oxide film thickness, charge transfer coefficients, and 

ohmic drop can be evaluated through these models. While their approach works well for short stroke 

lengths, no conclusive results were obtained here since the depassivation distance is larger. Another 

approach consists of a temporal analysis of the falling current transient that can be applied 

independently to experimental conditions. For Keddam et al. [32] and Okorie et al. [50], the earlier 

step of the repassivation consists of a reaction between metallic ionic species (originating from the 

sliding) with oxygen from water molecules to form M(OH)x adsorbates and later a 2D oxide layer by 

deprotonation of hydrated species [51], [52]. When the 2D clusters merge together, oxide thickening 

starts according to Okamoto’s model [53]. This two-step mechanism can be written according 

Equation 1, where the first step of the repassivation (2D) is characterized by a high current amplitude 

(A2D) and a short time constant (τ2D), whereas the 3D structuration of the passive film is characterized 

by lower A3D and τ3D parameters [32], [54]. Note that the double layer rebuild and the oxide aging are 

not considered since they occur in the first milliseconds of the transient or in the range of hours, 

respectively [34], [55]. In Equation 1, a limiting current (i0) was also introduced to account for the 

steady state current of the passive film at the end of the idle period. 

� = �� + ��� . exp�− � ���� � + ���. exp�− � ���� �     Equation 1  

Figure 10 shows curves fitted at -0.71 V/MSE and -0.05 V/MSE for falling current transients on 

AISI430-F. Since good accuracy is obtained between fitted and experimental curves, the time 

constants τ2D and τ3D can be considered to describe the worn surface repassivation rate.  
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Figure 10. Example of current transient fitting with Equation 1 at -0.71 V/MSE and -0.05 V/MSE on 
AISI430-F. Note that currents are extracted in the linear regime wear (time higher than 6 x103 seconds 
in Figure 5a) 

 

Table 2 reports the amplitude and time constant values calculated from Equation 1 according to the 

applied potential and the microstructure. Regardless of material, i0 is lower at -0.05 V/MSE than at -

0.71 V/MSE, which confirms that the oxide film resistance is higher at -0.05 V/MSE, even if surface 

is mechanically deformed.  

Table 2. Average values from cycles ranged from 500 to 1000, for the four parameters of Equation 1. 
The adjusted R-square is > 0.995. 

   2D mechanism 3D mechanism 
Samples Potential  

(V/MSE) 
i0 

(× 10-6 A) 
(± 5× 10-6) 

τ2D  
(s) 

(± 0.04) 

Amplitude A2D 
(× 10-4 A) 

(± 0.5× 10-4) 

τ3D  
(s) 

(± 0.04) 

Amplitude A3D 
(× 10-4 A) 

(± 0.5× 10-4) 
AISI430-F -0.710 

-0.050 
31 
20 

0.15 
0.06 

1.7 
20.0 

1.00 
0.50 

1.5 
3.5 

AISI430-FM -0.710 
-0.050 

32 
17 

0.20 
0.10 

2.5 
17.5 

1.40 
0.80 

1.3 
1.8 

 

For a given microstructure, the potential rise promotes higher current amplitude values (A2D and A3D) 

and a reduction of the times constants τ2D and τ3D. The current contribution of the 2D is in the range of 

2 x10-4 A at -0.71 V/MSE and reaches 20 x10-4 A at -0.05 V/MSE. The A2D dependence on the 
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potential is consistent with the time-current relation for instantaneous nucleation and growth given by 

Okorie and Nowak [50], who linked the current amplitude of a transient to the charge involved in the 

monolayer formation and a constant depending on potential. For A3D, the effect of the potential is less 

marked since the oxide film thickening is mostly limited by diffusion-migration rather than charge 

transfer.  

For the repassivation constants, τ2D values (0.06 - 0.2 seconds) coincide with a charge transfer 

limitation linked to the germination of the oxide film, whereas τ3D values (0.5 – 1.4 seconds) are 

related to a diffusion/migration-controlled regime usually occurring during the oxide thickening 

according to Strehblow [56]. Irrespective of the microstructure, a potential shift from -0.71 V/MSE to 

-0.05 V/MSE leads to lower τ2D and τ3D. The reduction of the time constants indicates that the oxide 

film rebuild is faster at higher overpotentials. Indeed, the precipitation of M(OH)x adsorbates in the 

iono-selective layer at the worn surface is facilitated by the concentration increase of Cr3+ and/or Fe3+ 

at -0.05 V/MSE (Figure 9a and Figure 9b), whereas the potential difference between the solution and 

the material aid the diffusion-migration mechanism during the oxide thickening [56]–[58]. Table 2 

also reveals that the microstructure has an effect on the repassivation kinetics. Indeed, the time 

constants (τ2D, τ3D) exhibit slightly higher values for AISI-430FM than AISI430-F. This decrease in 

passivation ability for the dual phase microstructure can be related to the galvanic coupling between 

the ferrite and the martensite, which impedes the ability of the surface to become passive, as already 

observed on Figure 4a. Therefore, the quantification of the repassivation rate shows that anodic 

potential promotes the repassivation kinetics of the wear track whereas the coexistence of martensite 

and ferrite destabilize the formation of the passive layer. If the repassivation rates (Table 2) are 

compared to wear rates (Figure 5a), it can be noticed that the wear increases at higher oxide rebuild 

kinetics, confirming that the presence of the passive layer in the contact is detrimental for the material 

resistance [17]. However, the order of magnitude of variation of those parameters suggest that the 

oxide layer has a lower role on the material degradation than the pin contact and the stainless steel 

microstructure. 
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3.7. Influence of the repassivation kinetics on the sub-surface microstructures. 

In tribocorrosion, wear resistance arises from a combination of external factors such as environmental 

conditions, mechanical properties of the contact surfaces, and internal factors depending on the 

material characteristics. Usually, those are related to the material chemistry, microstructure and 

electrochemical behavior in solution. In most of the cases, the wear resistance of passive alloys is 

driven by the hardness of the material as long as no cracks are generated that can propagate during 

sliding. To improve material hardness, the microstructure and chemical composition of alloys can be 

adjusted, or a specific heat treatment can be performed. Here, the general purpose of the heat treatment 

was to solubilize chromium carbide initially present in a commercial ferrite stainless steel (AISI430-F) 

in order to grow martensite islands in ferrite matrix (AISI430-FM). Macroscopic hardness 

measurements confirmed the beneficial effect of the martensite islands in the ferrite matrix (hardness 

increase of 0.7 GPa). Using nanohardness tests, this improvement was linked not only to the 

martensite properties but also an increase of the hardness in the ferrite by a matrix reinforcement 

effect. Consequently, a lower wear rate was obtained for the dual phase microstructure for sliding 

performed in the passive domain at -0.71 V/MSE and -0.05 V/MSE (Figure 5a).  

Figure 5a has also shown that the wear rates increase with the applied potential for both materials. 

Note, however, that this trend is less marked for AISI430-FM. Surface observations highlighted that 

abrasive wear mostly occurred at the beginning of the passive plateau (i.e., tests at -0.71 V/MSE) 

whereas abrasive/adhesive wear took place at a higher passive potential (i.e., -0.05 V/MSE). This trend 

was linked to the oxide film properties. At -0.71 V/MSE, the oxide layer is mainly composed of Cr2O3, 

whereas an iron enrichment occurs at -0.05 V/MSE [38]. Since the hardness of the chromium oxide 

layer decreases with iron injection [38], [40], wear increases at -0.05 V/MSE due to the formation of 

an adhesive interface between the pin and sample, as observed for AISI430-F [59]. In the case of 

AISI430-FM, the wear increase is less marked due to the presence of martensite islands that limit the 

pin indents. Moreover, the oxide film mostly grows on the ferrite due to the galvanic coupling with the 
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martensite, which could reduce the quantity of oxide that participates in the adhesive layer between the 

worn surface and the pin [39].  

FIB-SEM analysis shows the presence of a grain refined layer in which the thickness depends on the 

potentials and less on the range of the microstructure. From Beyglezimer [60], the grain division 

process is controlled by the pressure, temperature and the strain rate. If the strain rate and the 

temperature are assumed to be equivalent between all tests, only the pressure should be investigated. 

On the one hand, the pin load and pin motion generate dislocation in the material volume that is 

partially annihilated with the surface corrosion during sliding. On the other, the oxide film rebuild 

blocks the metal dissolution and the dislocation flow toward the surface. Therefore, a dynamic 

recrystallization by accumulation of plastic deformation initiates as function of the repassivation 

kinetics. During the pin latency period, the current fall analysis highlights that the anodic potential 

favors a faster kinetic of repassivation compared to the potential close to the active-passive region. 

Since the dislocation density underneath the surface increases, a thicker grain refinement takes place 

and consequently increases the surface strain hardening [61]. With the mechanical load applied, this 

grain refined layer could not act as a hard layer in the contact and promotes wear, in addition to the 

adhesive effect of the oxide layer in the contact [62]. Therefore, the main influence of the passive 

reformation concerns the sub-surface modifications in this work. To better characterize the role of the 

repassivation rate in wear, further experiments have to be performed at lower mechanical loads to 

decrease the contribution of the mechanical wear in the corrosion wear mechanism and enhance the 

effect of the oxide film in wear. 

 

Conclusions 

This paper evaluated the tribocorrosion resistance of a ferrite and ferrite martensite stainless steel for 

two applied potentials in the passive domain. The dual phase microstructure was obtained by thermal 

treatment of the ferrite stainless in order to maintain the chemical composition of the two materials. 

Tests were performed in an acidic solution at -0.71 V/MSE and -0.05 V/MSE. Those potentials 



 
29 

 

correspond to the beginning and end of the passive plateau for both samples. A reciprocating motion 

was used to monitor the surface reactivity under sliding and the current transients fall during the 

latency period. Surface and cross-section observations were performed, and numerical analysis was 

carried out on current transient falls to characterize the repassivation rate of the worn surface. From 

that, several results have been obtained and can be summarized as: 

- Regardless of the potential, the dual phase microstructure presents a higher tribocorrosion 

resistance. This was attributed to the composite matrix effect induced by the presence of 

martensite islands in the ferrite matrix. 

- Wear rate slightly increases at higher potentials whatever the microstructure. Since adhesion wear 

was detected on the worn surfaces, the damage enhancement was attributed to the nature of the 

passive film that deformed more easily due to an iron enrichment in the Cr2O3 layer. Note that the 

corrosion wear contribution also increases at higher anodic potential. 

- On the one hand, the repassivation rate was not directly correlated to the wear resistance since the 

mechanical load was too high. On the other hand, it has been shown that the film reformation 

kinetics play a role on the dynamic recrystallization underneath the worn surface. A fast oxidation 

rate blocks the annihilation of dislocations by dissolution and promotes a larger grain refinement 

layer that is not able to support the mechanical load in this study. 
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